The cancer chemopreventive properties of selenium compounds are well documented, yet little is known of the mechanism(s) by which these agents inhibit carcinogenesis. We show that selenium in the form of selenomethionine (SeMet) can activate the p53 tumor suppressor protein by a redox mechanism that requires the redox factor Ref1. Assays to measure direct reduction͞oxidation of p53 showed a SeMet-dependent response that was blocked by a dominant-negative Ref1. By using a peptide containing only p53 cysteine residues 275 and 277, we demonstrate the importance of these residues in the SeMet-induced response. SeMet induced sequence-specific DNA binding and transactivation by p53. Finally, cellular responses to SeMet were determined in mouse embryo fibroblasts wild-type or null for p53 genes. The evidence suggests that the DNA repair branch of the p53 pathway was activated. The central relevance of DNA repair to cancer prevention is discussed.
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cancer chemoprevention ͉ selenium ͉ APE͞Ref1 ͉ p53 tumor suppressor gene ͉ DNA repair S elenium compounds in various forms are cancer-preventive. They have a 20-year history of mammary (1) and colon (2) cancer prevention in rodent models and are in phase II and III clinical trials for prostate cancer prevention (3) . Several chemical forms of selenium have been used in laboratory studies. The prototype forms are sodium selenite, which causes single-and double-strand-break DNA damage, and selenomethionine (SeMet), which is relatively nontoxic and non-DNA-damaging (4) (5) (6) . The mechanism(s) by which selenium compounds exert their anticancer properties is not known, although proposed mechanisms include cytosine methyltransferase inhibition (7) , control of tumor angiogenesis (8) , and inhibition of carcinogen bioactivation (9) . Even less is known of the molecular genetic determinants of selenium action.
SeMet is the major component of dietary selenium, of which the recommended daily allowance (RDA) by the U.S. Food and Drug Administration is 50 g per day. Cancer preventive use of selenium typically consists of 200 g per day, exceeding the RDA by fourfold with no toxicity (3) . Whether given in the diet or applied to tissue culture cells, SeMet undergoes a transsulfuration reaction through a selenohomocysteine intermediate to form selenocysteine, which is then incorporated specifically by a selenocystyl-tRNA into cellular selenoproteins, including thioredoxin reductase and glutathione peroxidase (10) . Selenium increases the specific activity of these enzymes and promotes a cellular reducing environment (10) . A number of cellular proteins are substrates for reduction by the thioredoxin reductase system, including Ref1 (redox factor-1) and p53 (11) (12) (13) , which have been shown to interact under reducing conditions (11) .
Activation of the p53 Tumor Suppressor. In its normal role, p53 is a transcription factor that activates a number of downstream genes that function in cellular responses to DNA damage. Underscoring its importance in cancer, p53 is mutated and nonfunctional in most human cancers. We show that SeMet can activate p53 by a nongenotoxic mechanism that requires the redox factor Ref1 (13) . The implication is that cells that retain functional p53, including perhaps p53 ϩ/Ϫ heterozygous cells, may be amenable to selenium chemoprevention. Indeed, we show that SeMet exerts differential effects on p53 wild-type vs. p53-null cells.
Materials and Methods
Cell Lines and Treatments. We used cell lines carried over from previous use in other studies, whose p53 strategy is well documented (14 -17) . H1299 human lung cancer cells carrying deletions in both p53 alleles (ref. 14; hereafter referred to as p53-null) were transiently transfected with pCMV-p53 encoding wild-type human p53 48 h before SeMet treatments. Transient assays were chosen to minimize uncertainties because of genetic alterations intrinsic to the cell line. Other experiments used matched isogenic pairs of p53 wild-type and p53-null mouse embryo fibroblasts (MEFs; ref. 16 ) to demonstrate differential effects of SeMet dependent on p53 status. Additional matched pairs of p53 wild-type and p53-mutant (Val-143 3 Ala) lines were used as indicated. Cells were treated with 20 M SeMet (Sigma) for 15 h to induce the SeMet response (18) . As a control, we used pyrrolidine dithiocarbamate (PDTC; Sigma), which is known to oxidize p53 cysteine residues (19) . Additionally, we used a dominantnegative mutant redox-factor-1 (Ref-DN), which carried an alanine substitution for cysteine codon 65, predicted to block redox signaling to p53 and other Ref1-responsive proteins (20) . The mutant Ref1 was driven by the cytomegalovirus (CMV) promoter of pcDNA3.1 to generate pcDNA-Ref65. A separate set of experiments confirmed the ability of the Ref65 mutant to act as a dominant-negative in overriding endogenous wild-type Ref1 (results not shown).
Direct p53 Reduction͞Oxidation Assay (19). H1299 cells (p53-null)
were transiently transfected with pCMV-p53 encoding wildtype human p53, 48 h before SeMet treatments. The fraction of reduced vs. oxidized p53 was determined by an assay that relies on the sulfhydryl-reactive reagent N-ethylmaleimide (NEM; Sigma). Cells were treated as indicated ( Fig. 1) they were dialyzed again and treated with 10 g͞ml 3-(maleimido-propioryl)-biocytin (MPB; Sigma) for 30 min. Samples were kept on ice throughout and dialysis was conducted at 4°C. The treatment protocol selectively labels the oxidized fraction of p53 cysteine residues by first blocking free sulfhydryl groups with NEM (19) . Immune complexes were collected by using anti-p53 antibody Ab421, subjected to SDS͞PAGE, and transferred to nitrocellulose. MPB-labeled p53 was detected by streptavidin-HRP conjugate. Controls consisted of bovine pancreatic chymotrypsinogen, which has five disulfide linkages but no free sulfhydryls, and rabbit muscle aldolase, which has eight free sulfhydryls but no disulfide linkages (results not shown). Alternatively, the reduced fraction of p53 cysteine residues was detected by a modified gel-shift assay (21) . Cell lysates were collected in PBS containing 1% Triton X-100, then placed in reaction with EZ-link maleimide-activated alkaline phosphatase (Pierce). Lysates were subjected to immunoblotting by using Ab421 to detect p53 migrating as an alkaline-phosphatase-p53 complex. To identify the specific cysteine residue(s) that were redox-responsive to SeMet, we used a carboxyl-terminal peptide of p53 containing only p53 cysteines codons 275 and 277, beginning translation at internal methionine codon 246. Expression of the carboxyl-terminal peptide (ct-p53) was driven by pcDNA3.1 and migrated as a 20 kDa protein (Fig. 2) . The covalently linked ct-p53͞alkaline phosphatase protein migrated as an approximate 70-kDa band (Fig. 2) . The carboxyl-terminal p53 fragment was generated by PCR using wild-type p53 cDNA as template. Primers 5Ј-T T TA AGCT TATGGGCGGCATGA ACCGG-3Ј and 5Ј-TTGAATTCTCAGTCTGAGTCAGGCCC-3Ј were used in a 35-cycle standard procedure. After purification by PCR Magicprep (Promega), the 600-bp amplification product was ligated in pcDNA3.1 by using HindIII and EcoRI sites engineered in the primers. Ab1620 Epitope Assay. H1299 cells (p53-null) were transiently transfected with pCMV-p53 encoding wild-type human p53 48 h before SeMet treatments. Human colon cancer RKO cells carrying endogenous wild-type p53 genes were used in some experiments. The presence of the 1620 epitope on p53 correlates with p53 activity (22) . Cells were treated as indicated ( Fig. 3) , then lysates were subject to immunoprecipitation with Ab1620 (Oncogene Research Products, Cambridge, MA). After SDS͞PAGE and transfer to nitrocellulose, p53 was detected by the DO1 antibody to p53 (Oncogene Research Reduction response of p53 protein to SeMet. (A) Reduction͞oxidation of full-length p53. H1299 cells (p53-null) were transiently transfected with a wild-type p53 expression plasmid. Cells were treated with 20 M SeMet and p53 protein reduction͞oxidation assayed (19) . Briefly, oxidized cysteine sulfhydryl residues were detected by lysis in the presence of NEM, which reacts with and blocks free sulfhydryls. Disulfide linkages then were reduced by DTT and labeled with the biotinylation reagent MPB; p53 was immunoprecipitated with Ab421, and biotinylated p53-detected by blotting with streptavidin HRP. Alternatively, p53 sulfhydryls were labeled directly with MPB to detect reduced p53 forms. The lanes reflect SeMet and other treatments. Sulfhydryl groups were first covalently blocked by reaction with NEM (S-H to S-R modification), then disulfide-reduced by DTT and labeled with MPB for subsequent streptavidin detection (19) . Alternatively, p53 sulfhydryls were labeled directly with MPB to detect reduced p53 forms. Products). To control for total p53 loading, lysates were probed directly with D01 without Ab1620 immunoprecipitation. Phosphorylated p53 was detected with phospho-p53 antibody sampler kit (Cell Signaling Technology, Beverly, MA).
Electrophoretic Mobility Shift Assays (EMSA). MCF7 and RKO cells carrying wild-type p53 genes or p53-null H1299 cells transfected with pCMV-p53 were used. Assays were conducted as described (15) . Nuclear extracts were prepared from cells treated as indicated (Fig. 4A ) and were incubated in the presence of 32 P-labeled oligonucleotide corresponding to the p53-binding site of the human Gadd45 gene (Santa Cruz Biotechnology). Reactions contained anti-p53 antibody Ab421, known to generate supershifted p53 complexes (15) . After electrophoresis in 6% native polyacrylamide gels (Invitrogen), shifted complexes were visualized by exposure to x-ray film. Negative controls consisted of a mutant oligonucleotide (Santa Cruz Biotechnology), omission of Ab421 antibody, and use of extracts from cells lacking p53. Extracts of UV-irradiated cells served as a positive control for p53 activation.
p53-Transactivation Assays (14)
. The p53-responsive reporter plasmid pG13-CAT carries 13 p53-binding sites fused to a minimal promoter element 5Ј of the bacterial chloramphenicol acetyltransferase (CAT) gene (14) . The construct was introduced by stable transfection to MCF7 cells and selected for G418-resistance. Cells were treated as indicated (Fig. 4B) . A derivative MCF7 line carrying a Ref1 mutant was similarly used. Some experiments used transient transfection of pG13-CAT together with the wild-type p53 vector pCMV-p53, in p53-null H1299 cells. Similar results were obtained irrespective of whether stable or transient transfectants were challenged with SeMet.
Cell Survival Assays (16).
To ascertain a role for p53 in the cellular response to selenium, MEFs wild-type or null for p53 genes were treated with 20 M SeMet for 15 h and then treated with UV radiation. Untreated cells served as controls. Cell yield was determined after 7 days by a thiazolyl blue viability assay (Fig. 5A) . Quantification was by a CAT enzyme ELISA assay. Relative CAT enzyme units are shown; mean Ϯ SD from five independent experiments (P Ͻ 0.01 by t test, using SIGMAPLOT software). Shown is the mean Ϯ SD of five independent experiments (P Ͻ 0.01 by t test using SIGMAPLOT software).
were harvested for determination of CAT activity 60 h later. SeMet was added to the medium at a final concentration of 20 M for the final 24 h of incubation.
Results
Biochemical Assays of p53 Activation by SeMet. The mechanism of p53 activation by SeMet was explored. We used H1299 cells lacking p53 genes, wherein p53 expression vectors were transiently introduced. We examined redox regulation of fulllength p53, as well as a truncated p53 allele (ct-p53 discussed below). Cells were treated with SeMet as described (18) . By using a direct assay for p53 reduction͞oxidation based on reacting free sulfhydryl groups with NEM (19), we found that SeMet promoted the reduction of p53 cysteine residues (Fig.  1) . The introduction of a dominant-negative Ref1 (Ref-DN) mutant (Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org) blocked p53 reduction, indicating a role for Ref1 in the SeMet response. Besides the Ref-DN mutant, an RNAi inhibitor also was used to deplete cells of wild-type Ref1. Inhibition of Ref1 by RNAi similarly blocked the p53 reduction response to SeMet (results not shown). Pyrrolidine dithiocarbamate (PDTC), a compound known to promote p53 oxidation (19) , was used as a control. Like the Ref-DN mutant, PDTC blocked p53 reduction by SeMet. By using a carboxyl-terminal p53 peptide (ct-p53) containing only Cys-275 and -277, the peptide was found to be redox-responsive to SeMet (Fig. 2) . Thus, p53 cysteine residue 275 or 277 is clearly identified as a substrate for SeMetdependent redox regulation.
Epitope mapping showed that SeMet treatment revealed the antibody Ab1620 epitope on full-length p53. Epitope Ab1620 expression was promoted by SeMet and was blocked by the Ref-DN mutant or by PDTC (Fig. 3) . Hence, Ab1620 expression correlated with the reduced form of p53 protein (Fig. 1) . EMSA assays showed direct binding of p53 to a canonical p53-binding site, enhanced in extracts of SeMet-treated cells (Fig. 4 A) . An in vivo corollary to the EMSA result was obtained by the use of a p53-responsive reporter plasmid, pG13-CAT, consisting of thirteen p53-binding sites and a minimal promoter driving the CAT gene (14) . Expression of the CAT reporter was induced by SeMet and was blocked by the Ref1-DN mutant or by PDTC (Fig. 4B) . We conducted Western blots of Gadd45, an endogenous target gene that is transactivated by p53, and found that its induction followed the pattern of pG13-CAT induction (results not shown).
Taken together, the data suggest that SeMet activates p53 by a mechanism involving the redox factor Ref1. We asked whether p53 might be phosphorylated in response to SeMet, as is the case for the DNA-damage response (23) . Using antibodies to phospho-p53 serine residues 6, 9, 15, 20, 37, 46, or 392, no evidence of p53 phosphorylation was observed (results not shown). Hence, the mechanism of p53 activation by SeMet differs from that caused by DNA damage (23, 24) . Cells treated with SeMet alone showed no evidence of DNA damage (18) and, in fact, protected cells from exogenous DNA damage (see next section). Thioredoxin reductase (TR) activity was assayed as an indicator of the cellular reducing environment in SeMettreated cells (25) . TR-specific activity was enhanced three-to tenfold by SeMet (results not shown).
Cellular Effect of p53 Activation by SeMet. By using transient expression assays, we showed the molecular events of p53 activation by SeMet in Figs. 1-4 . Based on these data, we hypothesized that cells with normal p53 would respond differently to SeMet treatment than p53-null cells. MEF cells wild-type or null for p53 genes were treated with SeMet in concentrations ranging from 0 to 40 M. At the SeMet concentrations used, we observed no growth inhibition nor apoptosis in either cell line (results not shown; and refs. 18 and 26). The rationale for investigating apoptosis was twofold: (i) one potential mechanism for cancer prevention is elimination of damaged cells by apoptosis; and (ii) p53 has been associated with apoptosis in some cell types. On the other hand, endogenous levels of DNA damage were perhaps insufficient to trigger apoptosis.
We used UV radiation to produce DNA damage, which then might uncover differences between p53 wild-type or p53-null cells treated with SeMet. Consistent with our recent findings in normal human fibroblasts (18) , wild-type MEFs treated with SeMet were protected from UV radiation (Fig. 5A) , whereas p53-null MEFs were unaffected by SeMet and remained UV sensitive (16, (27) (28) (29) . We further tested a role for p53 by HCR experiments to measure DNA repair of a UV-damaged reporter gene in p53 wild-type or p53-mutant (Val-143 3 Ala) cell lines. SeMet enhanced HCR in p53 wild-type but not the p53-mutant cells (Fig. 5B) . Similar results were obtained by using an ELISA assay to detect 6 -4 photoproducts (16) . SeMet treatment enhanced the removal of 6 -4 photoproducts from genomic DNA of UV-irradiated MEFs (results not shown).
It was important to validate that, before the use of DNA damage co-treatments as in Fig. 5A , SeMet treatment by itself did not cause DNA damage. The lack of DNA damage by SeMet alone was confirmed by alkaline electrophoresis assays (ref. 18 , and results not shown). Indeed, SeMet alone in the 10 -40 M range apparently was not toxic to cells, as cells remained in cycle, as confirmed by f low cytometry (not shown) and by the demonstration of an unimpaired cell doubling time in the presence of SeMet (18) . By necessity, cells were pretreated with SeMet in experiments employing UV radiation. Pretreatment was not required, however, as we conducted experiments in which cells were treated simultaneously with DNA-damaging agents 4-nitroquinoline-1-oxide (4NQO) or carboplatin in the presence or absence of SeMet (results not shown). Similar to UV radiation, SeMet protected p53 wildtype cells from 4NQO or carboplatin-induced DNA damage (Fig. 5B ). Cells null for p53 genes remained sensitive to 4NQO or carboplatin (refs. 16 and 27-29; and results not shown).
Discussion
It is becoming clear that redox regulation is critical for a number of proteins. In the case of p53, an important implication is that p53 activity can be augmented by antioxidant mechanisms, thereby protecting cells from DNA damage. Inasmuch as DNA repair begins immediately after DNA damage, basal p53 activity and downstream effector gene expression are critical to the repair response (15, 16, 28, 29) . Our study demonstrates that selenium concentration is a determinant of basal p53 activity, and that protection from DNA damage by SeMet is p53-dependent.
There are 10 cysteine residues in full-length human p53 that are potentially subject to redox regulation (24) . We used a 20 kDa carboxyl-terminal fragment of p53 (ct-p53) to define further the p53 residue(s) responsive to selenium treatment. The ct-p53 construct initiates at Met-246, and contains only two cysteine residues at codons 275 and 277. It is clear (Fig. 2 ) that ct-p53 is strongly reduced in the selenium response, thereby implicating Cys-275 and͞or Cys-277, although we cannot exclude a role for additional cysteines in full-length p53. Importantly, Cys-277 constitutes part of the active (sequence-specific DNA binding) site (24) , consistent with our results showing enhanced sequence-specific binding in the presence of SeMet (Fig. 4 A) .
It is likely that selenium effects are pleiotropic. Most relevant in the present study is that SeMet differentially affected cells wild-type or null for p53 genes (Fig. 5A) . SeMet protected p53 wild-type cells from DNA damage, whereas p53-null cells were unprotected. We used UV radiation as an exogenous source of DNA damage, because endogenous levels of DNA damage were too low to detect. The implication is that SeMet may, in a chemopreventive context, promote the repair of damage arising from endogenous sources, although the level of induced DNA damage in response to UV radiation is higher than would be encountered under normal conditions. Among the DNA repair genes that are p53-regulated are Gadd45a and p48XPE. Both gene products participate in nucleotide excision repair (NER), the pathway for repair of UV damage, as well as important carcinogens, including benzo(a)pyrene (30) . It is mainly the global genomic repair (GGR) subpathway of NER that is compromised in cells lacking p53 or Gadd45a genes (16, 31) . Notably, GGR defects are often associated with carcinogenesis. Human patients defective for the xeroderma pigmentosum XPC gene exhibit faulty GGR but normal transcription-coupled DNA repair (TCR) and are cancer prone (discussed in ref. 32 ). Mice lacking XPC or Gadd45a genes were prone to chemical carcinogenesis (33, 34) and showed increased mutagenesis of a germline LacZ reporter gene (34) . Hence, modulating p53 for NER would be predicted to enhance lesion removal relevant to carcinogenesis initiation protocols such as using dimethylbenzathracine or carcinogens associated with human carcinogenesis including benzo(a)pyrene, af latoxins, or 2-acetylaminof luorene (33) . On the other hand, endogenous mutagens associated with oxygen-free radicals may play a more prominent role in human cancers (35) . A subset of lesions induced by reactive oxygen species are repaired by NER (36) , and a GGR defect in repair of this type of lesion would likely contribute to a cancer-prone condition. Promoting the GGR branch of NER would be predicted to counter carcinogenesis.
It is noteworthy that we observed no apoptosis nor cell-cycle arrest in this study and a previous one (ref. 18 and results not shown). One possible explanation for this finding is that additional modifications such as phosphorylation may be required to activate p53 for apoptosis, inasmuch as the redox state is only one level of p53 regulation (24) . We did not observe any detectable p53 phosphorylation (results not shown), although other possible modifications cannot be excluded. Hence, promoting the reduced state in the absence of other signals might selectively activate the DNA-repair branch of the p53 pathway. Although cell type differences also contribute to cellular endpoints, as lymphoid cells have a lower threshold for apoptosis and are more prone to apoptosis than the epithelial and fibroblast cells used in this study (discussed in ref. 37 ). We do not exclude the possibility of other p53-dependent endpoints in other cell types.
It is perhaps surprising that SeMet affected cell survival in a p53-dependent manner (Fig. 5A) , inasmuch as GGR contributes little to cell survival after DNA damage (28) . Of course, cell survival is a complex endpoint. Although SeMet alone did not cause cell-cycle arrest (18) , UV irradiation would elicit a cell-cycle checkpoint response in p53 wild-type cells, lacking in p53-null cells, that may contribute to protection from DNA damage (16) . To address the role of NER and GGR in protection from UV radiation, we used human fibroblasts carrying defective NER genes. SeMet treatment did not protect xeroderma pigmentosum type A fibroblast cells from UV radiation, evidence that NER was the key pathway affected (results not shown). We also used fibroblasts from Cockayne's syndrome (CSB) patients, which are defective for TCR but functional for GGR. SeMet treatment did not protect CSB cells from UV radiation (Fig. 7 , which is published as supporting information on the PNAS web site), evidence that TCR is required for protection from DNA damage. Hence, the connection of the cell survival results to GGR is indirect (16) . However, in the context of chemoprevention, these findings demonstrate the differential effects of selenium on p53 wildtype and p53-null cells.
In conclusion, we show that SeMet can activate p53 by a redox mechanism independent of DNA damage. At the selenium concentrations used, within the physiological range of clinical studies (38) , p53-dependent DNA repair was activated. The DNA-repair branch of the p53 pathway is well documented (15, 16, 39, 40) , yet less is known of the mechanism. Deletion of either Gadd45a or p48XPE genes recapitulates the NER defect observed in p53-null cells (16, 40) , implicating these gene products in the process. Hence, the mechanisms that govern the expression of this subset of p53-dependent genes will be important to ascertain and may differ from other p53-regulated genes. Indeed, the Gadd45a gene is regulated not only by p53 but also by the BRCA1 tumor suppressor (41) . Augmentation of DNA repair is emerging as an important paradigm in tumor suppression and cancer chemoprevention. This work was supported by American Cancer Society Grant RSG-02-028-01 CNE (to M.L.S.).
